Abstract Vernalization, a period of low temperature to induce transition from vegetative to reproductive state, is an important environmental stimulus for many cool season grasses. A key gene in the vernalization pathway in grasses is the VRN1 gene. The objective of this study was to identify causative polymorphism(s) at the VRN1 locus in perennial ryegrass (Lolium perenne) for variation in vernalization requirement. Two allelic Bacterial Artificial Chromosome clones of the VRN1 locus from the two genotypes Veyo and Falster with contrasting vernalization requirements were identified, sequenced, and characterized. Analysis of the allelic sequences identified an 8.6-kb deletion in the first intron of the VRN1 gene in the Veyo genotype which has low vernalization requirement. This deletion was in a divergent recurrent selection experiment confirmed to be associated with genotypes with low vernalization requirement. The region surrounding the VRN1 locus in perennial ryegrass showed microcolinearity to the corresponding region on chromosome 3 in Oryza sativa with conserved gene order and orientation, while the micro-colinearity to the corresponding region in Triticum monococcum was less conserved. Our study indicates that the first intron of the VRN1 gene, and in particular the identified 8.6 kb region, is an important regulatory region for vernalization response in perennial ryegrass.
Introduction
To investigate the role of the VRN1 gene in vernalization response in Lolium perenne (L. perenne) we sequenced and characterized VRN1 alleles from two genotypes with Communicated by Y. Van de Peer. Nucleotide sequence data reported are available in the DDBJ/EMBL/ GenBank databases under the accession numbers JN969602 and JN969603 for the Veyo-GP and Falster-GP VRN1 alleles, respectively.
contrasting vernalization requirements, with the aim of identifying putative causative polymorphisms, and regulatory regions affecting vernalization response. Transition to flowering is a major shift in the developmental programme of a plant (Sung and Amasino 2004a) , and in many plant species this transition is determined by seasonal changes in temperature and photoperiod (Heide 1994) .
Many temperate perennial grasses have a dual induction requirement for flowering. In L. perenne the primary induction is achieved by low temperature and/or short days, while secondary induction requires transition to long days and is enhanced by moderately higher temperatures (Heide 1994; Aamlid et al. 2000) . The requirement for vernalization varies greatly within L. perenne and increases generally with increasing latitude of the germplasm origin (Aamlid et al. 2000; Cooper 1960; Jensen et al. 2005 ). Short days have no effect at low temperatures and very little effect at high temperatures in inducing flowering, indicating that vernalization is the more important factor (Cooper 1960; Jensen et al. 2005) .
Vernalization response has been extensively studied in the dicotyledonous species Arabidopsis thaliana (A. thaliana). In A. thaliana two loci, Flowering Locus C (FLC) and FRIGIDA (FRI), synergistically delay flowering in winter-annual accessions (Napp-Zinn 1987; Burn et al. 1993 ; Lee et al. 1993 Lee et al. , 1994 Clarke and Dean 1994; Koornneef et al. 1994) , and a loss-of-function mutation in either gene results in the loss of the late-flowering phenotype (Michaels and Amasino 1999; Johanson et al. 2000) . The presence of a dominant allele of FRI elevates FLC expression to a level that inhibits flowering (Michaels and Amasino 1999; Sheldon et al. 1999) . Vernalization overcomes the effect of FRI by repressing the expression of FLC, and this repression is stably maintained after plants are transferred to warm growth conditions (Michaels and Amasino 1999; Sheldon et al. 1999 ). This epigenetic repression of FLC provides a molecular explanation of the vernalization mediated 'memory of winter' in A. thaliana (Sung and Amasino 2005) , which involves covalent modifications of chromatin at the FLC locus (Sung and Amasino 2004b; Bastow et al. 2004 ). In A. thaliana, the vernalization-mediated repression of FLC requires three genes: VERNALIZATION 1 encoding a plant-specific DNA-binding protein (Levy et al. 2002) , VERNALIZA-TION 2 encoding a homologue of the Enhancer of Zeste that is part of a chromatin-modifying complex in Drosophila (Gendall et al. 2001) , and VERNALIZATION INSENSITIVE 3 encoding a protein with a PHD motif found in protein complexes involved in chromatin remodelling (Sung and Amasino 2004b) . The involvement of FLC and FRI in establishing the vernalization requirement seems to be conserved in other crucifers (Osborn et al. 1997; Schranz et al. 2002) , whereas other plant species such as grasses have different genes involved in establishing the vernalization requirement (Higgins et al. 2010) .
The control of flowering time in cereals and grasses has been intensively studied and three key genes have been identified in the vernalization response pathway. The VRN1 gene encodes a MADS-box transcription factor similar to the A. thaliana floral meristem identity gene APETALA1 (Danyluk et al. 2003; Trevaskis et al. 2003; Yan et al. 2003) , while the VRN2 gene encodes a zinc finger-CCT domain transcription factor with no clear orthologues in A. thaliana or Oryza sativa (O. sativa) (Yan et al. 2004a, b) , and the VRN3 gene encodes a RAF kinase inhibitor like protein with homology to the FLOWERING LOCUS T (FT) gene from Arabidopsis ).
The VRN1 and VRN2 genes were initially identified in Triticum monococcum (T. monococcum), where it was shown that the TmVRN1 gene is dominant for the spring growth habit, and that the transcript is up-regulated by vernalization in winter genotypes, whereas transcription of the TmVRN1 gene is independent of vernalization in spring genotypes (Yan et al. 2003) . The TmVRN2 gene is dominant for the winter growth habit and is down-regulated by vernalization and short days (Yan et al. 2004a, b; Dubcovsky et al. 2006 ). In Hordeum vulgare (H. vulgare), the transcript of the VRN2 gene is also down-regulated by vernalization and under short day conditions (Trevaskis et al. 2006 ).
In T. monococcum, deletions in the VRN1 promoter region were found to be associated with spring growth habit (Yan et al. 2003) , and sequence analysis of dominant and recessive VRN1 alleles in H. vulgare and polyploid wheat led to the identification of a 2.8-kb region within the first intron containing regulatory elements important for the vernalization requirement, and large deletions within this region were associated with spring growth Fu et al. 2005) .
In cereals, proteins encoded by VRN1 promote the transition from the vegetative to reproductive state of the growing shoot apex, and induction of the VRN1 gene is accompanied by the repression of the VRN2 gene, which, when active, prevents transcriptional activity of the VRN3 gene. In Triticum aestivum (T. aestivum), the VRN3 gene has been shown to act as a long-distance flowering signal (florigen) that moves from leaves to apices and promotes flowering by inducing meristem identity genes (Li and Dubcovsky 2008) . This is similar to the situation known from other plant species, where it has been shown that FT acts as an integrator of the vernalization and photoperiod pathways (Corbesier et al. 2007; Tamaki et al. 2007; Turck et al. 2008) .
In L. perenne, the major quantitative trait locus (QTL) explaining 28% of the phenotypic variation for vernalization response in the mapping population VrnA was identified on linkage group (LG) 4 and found to co-localize with the LpVRN1 gene, a putative orthologue of the VRN1 gene from T. monococcum (Jensen et al. 2005) . In the VrnA F 2 mapping population, the VRN1 allele from the Veyo-Grand Parent (GP) genotype co-segregated with F 2 genotypes with a low vernalization requirement, while the VRN1 allele from the Falster-GP genotype co-segregated with F 2 genotypes with a high vernalization requirement (Jensen et al. 2005) .
The objectives of this study were to (1) identify, sequence, and characterize allelic Bacterial Artificial Chromosome (BAC) clones covering the VRN1 locus from L. perenne genotypes with contrasting vernalization requirements, (2) annotate the VRN1 locus with the aim of identifying putative causative polymorphisms, regulatory regions, and repetitive elements, (3) annotate the genes in the proximity of the VRN1 locus in L. perenne, and to (4) perform comparative sequence analysis of the L. perenne VRN1 locus with the corresponding regions of barley, wheat, and rice.
Materials and methods
Identification of BAC clones containing the VRN1 gene A BAC library with an estimated five-time genome coverage consisting of 101,376 clones with an average insert size of 99 kb has been constructed (Farrar et al. 2007 ) from one of the heterozygous parents, NV#20F1-30, of a F 2 mapping population designed to study vernalization response in L. perenne (Jensen et al. 2005) . DNA pools of the BAC library were screened by PCR as described in Farrar et al. (2007) to identify BAC clones containing the VRN1 gene. The PCR reactions (10 ll) contained 1 lL of a 1:10 dilution of BAC DNA, 0.5 U of Hotmaster Taq polymerase (Eppendorf, Hamburg, Germany), 19 PCR buffer, 10 pmol of primer LpVRN1_19for (5 0 -TCTCCTCTTCTTCCCCACTG), 10 pmol of primer LpVRN1_344rev (5 0 -AGTCGGTTGCGA ACTCGTAG), and 6 nmol dNTPs. PCR was performed in a MJ-Research PTC-225 Peltier Thermal Cycler (MJ Research. Inc., Waltham, MA, USA): 5 min at 94°C, followed by 30 cycles of 20 s at 94°C, 20 s at 50°C, and 60 s at 65°C, with a final extension of 5 min at 65°C (Jensen et al. 2005) . Genomic DNA from the L. perenne genotype NV#20F1-30, that initially was used for constructing the BAC library, was used as a positive control. The insert size of the selected BAC clones was determined as described in Farrar et al. (2007) .
VRN1 CAPS marker analysis of BAC clones A VRN1 Cleaved Amplified Polymorphic Site (CAPS) marker analysis of the BAC clones was performed using the same primer pair and PCR conditions as described above. The primer pair amplifies a 337-bp fragment of the Veyo-GP allele and a 339-bp fragment of the Falster-GP allele. The PCR fragments were digested with 5 U PvuII (Fermentas, UAB, Vilnius, Lithuania), separated on a 1.5% agarose gel and stained with ethidium bromide as described in Jensen et al. (2005 (Ewing and Green 1998) . Reads were assembled with PHRAP and edited with CONSED (Gordon et al. 1998 ). Gaps were closed by a combination of direct BAC sequencing, sequencing of subclones using nested primers or sequencing of PCR fragments spanning the region between contig ends. The finished assemblies of BAC sequences were found to agree with their restriction maps.
Sequence analysis and annotation
Sequence analysis and annotation was essentially performed as described by Bruggmann et al. (2006) . The BAC sequences were analysed for Long Terminal Repeat (LTR) retrotransposons using LTR_STRUC (McCarthy and McDonald 2003) , and using RepeatMasker with a customised repeat library. The analysis for coding potential was performed by applying extrinsic (homology based) and intrinsic (ab initio gene prediction) methods. Spliced alignments of cDNA and EST sequences were obtained using the GenomeThreader program (Gremme et al. 2005) . The EST collection included assemblies of all available monocot EST sequences, and the cDNAs included sequences from monocot plants. For ab initio detection, the two gene-finding programmes FGeneSH?? (Salamov and Solovyev 2000) and GeneMarkHMM (Lukashin and Borodovsky 1998) using monocot and Zea Mays/O. sativa matrix, respectively, were applied.
Comparative sequence analysis
The PipMaker alignment and visualisation tool (Schwartz et al. 2000) was used for cross-species comparison of the VRN1 locus. Sequences covering the VRN1 locus of H. vulgare (GenBank: AY750993, AY750994, AY750995, and AY750996), T. monococcum (GenBank: AY188331), T. aestivum (GenBank: AY747597, AY747599, AY747600, AY747601, AY747603, AY747604, and AY747606), Triticum turgidum (T. turgidum) (GenBank: AY747598 and AY747602), Aegilops tauschii (Ae. tauschii) (GenBank: AY747605), and AP1 from O. sativa (GenBank: AF377947) were identified and retrieved from GenBank. These sequences, together with the two L. perenne BAC sequences (GenBank: JN969602 and JN969603), were submitted to the MultiPipMaker server (http://pipmaker.bx.psu.edu/pipmaker/).
Plant materials for expression analysis
Expression analysis was performed to quantify transcript levels of the VRN1 transcript in Falster-GP and Veyo-GP. Plant materials were harvested at 0, 2, 4, and 6 weeks of vernalization as previously described (Andersen et al. 2006) . RNA was extracted from leaves (100 mg) of Falster-GP and Veyo-GP by the Tri-reagent method (Sigma, St. Louis, USA), according to the manufacturer's instructions, and resuspended in 30 ll DEPC-treated water. The concentration of RNA was measured on a GeneQuant II spectrophotometer (Pharmacia Biotech, Piscataway, NJ, USA). First-strand cDNA synthesis was performed on a total of 5 lg pooled RNA. The RNA solutions were adjusted to a volume of 10 ll with water and 500 ng of B26 primer (5 0 -GACTCGAGTCGACATCGATTTTTTT TTTTTTTTTT-3 0 ) (500 ng/ll) (Frohman et al. 1998 ) was added. The primer/RNA/water mixture was heated to 70°C for 10 min and then cooled on ice. Four ll of 59 first-strand buffer (Invitrogen GmbH, Karlsruhe, Germany), 1 ll of RNAguard TM porcine RNase inhibitor (30 U/ll), 2 ll DTT (0.1 M), and 1 ll dNTPs (10 mM) were added and the mixture was incubated at 37°C for 2 min. Finally, 1 ll (200 U) of the Superscript II reverse transcriptase (Invitrogen GmbH, Karlsruhe, Germany) was added and the mixture, 20 ll total, was incubated at 42°C for 50 min. Following incubation, the mixture was diluted with water to 200 ll of which 1 ll was used per quantitative real-time PCR reaction.
Quantitative real-time PCR expression analysis
Quantitative real-time PCR (qPCR) reactions were performed as described in Andersen et al. (2006) according to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines (Bustin et al. 2009 ). The SYBR Green PCR Master Mix was used for qPCR, which is a premix containing all the components, except primers, template, and water necessary to perform qPCR using SYBR Ò Green I Dye (Applied Biosystems, Foster, CA, USA). The reactions were carried out in a total of 10 ll: 5 ll SYBR Green PCR Master Mix, 600 nM forward primer, 600 nM reverse primer (Table 1 ), 1.0 ll cDNA template, and water up to 10 ll. Reactions were loaded onto 384-well plates, and the qPCR reactions were carried out on an ABI7900HT Sequence Detection System (Applied Biosystems, Foster, CA, USA) according to the manufacturer's instructions. Expression level units were calculated by the 2 ÀDDC T method, which quantifies the amount of target sequence as fold change relative to a calibrator sample (in this case Falster-GP at 0 weeks of vernalization) and normalized to Actin which was used as a reference gene (Livak and Schmittgen 2001) .
Primer design for divergent selection and germplasm evaluation
Primers were designed to distinguish between the Falster-GP allele containing the 8.6-kb insertion/deletion (indel) in the first intron of VRN1, and the Veyo-GP allele lacking this indel. VRN1_Veyo (F: CTTCGCCTAAGCCAAAC AGT, R: TTAGGTGGCCTCGTGTCTTC) was designed to amplify a 418-bp region in the first intron, amplifying across either side of the insertion. VRN1_Falster (F: as above, R: GAAAAATATCAACATTCAAATACCAAA) was designed to amplify a 407-bp region in the first intron, to include the 5 0 end of the insertion.
Establishment of divergent selection populations for vernalization response
The divergent selection populations for vernalization response were established according to Lübberstedt et al. (2003) . The populations were initiated by performing pair crosses in all combinations between five L. perenne genotypes; LTS03 (Falster-GP), LTS04 (Veyo-GP), LTS11 (Lp 34-551), LTS15 (INRA4), and LTS16 (INRA5) contrasting for vernalization response (Xing et al. 2007 ). The same number of seedlings from each of the combinations of pair crosses was taken at random and combined to form the Syn0 population. The Syn0 plants were allowed to pollinate Table 2 ). Genomic DNA was isolated from all 380 plants and used for genotyping.
Results

BAC clone identification
A total of 101,376 BACs were screened for individual clones containing the VRN1 gene. Three BAC clones were identified and analysed using a VRN1 cleaved amplified polymorphic sequence (CAPS) marker (Jensen et al. 2005) to determine the grandparental origin of BAC clones. Previous studies using the VRN1 CAPS marker have shown that both the Veyo-GP and the Falster-GP genotypes are homozygous for their respective alleles (Jensen et al. 2005) . One BAC clone was derived from the Falster-GP genotype, and two BAC clones were derived from the Veyo-GP genotype of the F 2 mapping population (Fig. 1) . Based on CAPS marker analysis and insert size, two BAC clones, 7D23 (Falster-GP allele) and 74D14 (Veyo-GP allele), were selected for sequencing.
BAC sequencing and assembly
The initial assembly of the region surrounding the VRN1 locus was accomplished by Sanger sequencing of random sheared sub-clones with an average insert size of 1.0-1.5 kb.
A total of 1,559 and 1,485 PHRED C 20 reads were used for the assembly of the Falster-GP and Veyo-GP contiguous sequences, respectively, producing 15 non-vector contigs for the Veyo-GP BAC clone and five non-vector contigs for the Falster-GP BAC clone. Gaps were closed by a combination of direct sequencing of BAC clones, complete sequencing of sub-clones using nested primers, and sequencing of PCR fragments spanning the region between contig ends. The final sequence for the Veyo-GP BAC clone was 77,368 bp with an average coverage of 9.1, while the final sequence for the Falster-GP BAC clone was 55,912 bp with an average coverage of 13.3.
Gene content, structure, and distribution
Two genes were identified on the 77-kb contiguous Veyo-GP sequence (Table 3) . These genes were annotated Lp_74D14_1 and Lp_74D14_2. The Lp_74D14_1 gene is (Fig. 2) . The gene structure model of the Lp_74D1 4_1 gene (VRN1) was determined by a spliced alignment against a full-length cDNA (GenBank: AY198326). The Lp_74D14_1 gene has eight exons and seven introns, which is the same genomic organization as the VRN1 genes from T. monococcum, H. vulgare, and AP1 from O. sativa.
The deduced amino acid sequence of the Lp_74D14_1 gene is 87, 86, and 83% identical to those of the VRN1 gene from T. monococcum, H. vulgare, and AP1 from O. sativa, respectively. The gene model of the Lp_74D14_2 gene was predicted to include four exons and three introns, supported by an EST from a L. perenne in-house database and a full-length O. sativa cDNA (GenBank: NP_001051299). The deduced amino acid sequence is 45% identical to the corresponding protein in O. sativa, and the C-terminal end of the protein has weak homology (E-value 0.005) to the DnaJ domain of proteins associated with the hsp70 heat-shock chaperone system.
In the 56-kb contiguous sequence from Falster-GP a partial VRN1 gene, annotated as LP_7D23_1, was identified at nucleotide position 45,506-48,256, corresponding to the first exon and 2.6 kb of the first intron of the gene. The remaining 7.7 kb of the BAC clone downstream the partial VRN1 gene showed no homology to the corresponding region of the Veyo-GP sequence containing the remaining 2.8 kb of the first intron and the remaining six introns and seven exons. This suggests that the VRN1 gene in the Falster-GP genotype is either truncated or, alternatively, that a large indel is present in the first intron of the gene. A PCR-based strategy was adopted using genomic DNA from the Falster-GP genotype as template, to reveal if the VRN1 gene is truncated. Additional 6 kb of contiguous sequence was subsequently obtained from the Falster-GP genotype containing the remaining part of the VRN1 gene. Comparative sequence analysis of the VRN1 gene from the two genotypes identified an 8.6-kb region which represents either an insertion in Falster-GP VRN1 allele, or a deletion in the Veyo-GP VRN1 allele in the first intron of the gene (Fig. 2) .
Repeat elements
The two contiguous BAC sequences were analysed for repeat elements using LTR_STRUC (McCarthy and McDonald 2003) and RepeatMasker with a customised repeat library consisting of a non-redundant set of 5,707 repeat element sequences and classified by a hierarchical repeat classification scheme (Haberer et al. 2005 ). The repeat library was used to mask and classify the repeat element in the BAC sequences. The repeat content of the Veyo-GP and the Falster-GP BAC sequence was 42 and 58%, respectively (Table 4 ). In the Veyo-GP BAC sequence 84% of the repeat elements were Class I LTR retrotransposons, while the Class I LTR retrotransposons constituted only 68% of the repeat elements in the Falster-GP BAC sequence (Table 4) . A total of 6.4 and 9.1% of the repeat elements were classified as Class I non-LTR retrotransposons in the Veyo-GP and Falster-GP BAC sequences, respectively, while Class II DNA transposons represented 3.2 and 18.2% of the Veyo-GP and Falster-GP BAC sequence repeat elements, respectively (Table 4) . The position and orientation of the different transposable elements are depicted in Fig. 2 .
LTR_STRUC (McCarthy and McDonald 2003) was used to identify novel full-length LTR retrotransposons by searching for structural features characteristic of such elements. Two novel full-length LTR retrotransposons were identified and annotated as Lotte_7D23_1 and Camilla_7D23_1 in the Falster-GP BAC sequence at nucleotide position 6,781-15,261 and on the complement strand at nucleotide position 37,548-19,839, respectively (Table 4 ; Fig. 2 ). Both repeat elements showed homology to the Athila-like repeat element Sabrina from H. vulgare (Choudhuri et al. 2004) . For the allelic Veyo-GP sequence a fragment of the Camilla repeat element was identified and annotated as Camilla_74D14_1. It is located at the very 5 0 end of the Veyo-GP BAC sequence on the complementary strand at nucleotide position 11,617-1 (Fig. 2) . The Lotte repeat element was not present in the Veyo-GP BAC sequence as the location of this repeat element in the Falster-GP BAC sequence is 5 0 to where the allelic Veyo-GP sequence starts.
A Camilla repeat element, annotated as Camilla_74D14_2, with an internal deletion was identified in the Veyo-GP BAC sequence on the complementary strand at position 60,593-48,522. The repeat element has intact LTR and Target Site Duplication (TSD) in both ends and the internal deletion was most likely caused by the insertion of another nested and truncated Camilla repeat element, annotated as Camilla_74D14_3, on the complementary strand at position 58,787-53,910. The 5 0 TSD and LTR were not identified in the nested and truncated Camilla repeat element indicating that this element is truncated in the 5 0 end (Fig. 2) . Allelic-and comparative sequence analysis of the VRN1 locus Allelic sequence analysis using the GenAlyzer software (Choudhuri et al. 2004) revealed that the two contiguous sequences share approximately 36.3 kb of allelic sequence. Within this region covering the 5 0 flanking region and the entire VRN1 gene, a total number of 38 single-nucleotide polymorphisms and 15 indels were identified, ranging in size from 1 to 8,565 bp.
The 8,565-bp insertion located in the first intron of the VRN1 gene in the Falster-GP genotype was analysed for LTR retrotransposons using LTR_STRUC (McCarthy and McDonald 2003) . However, no structural features characteristic of such elements could be identified, suggesting that the insertion is not a LTR retrotransposon. A putative transposon-like protein was identified in the insertion at position 7,787-8,134 which has homology to Class II CACTA DNA transposons of the En/Spm sub-class, suggesting that the insertion could be a repeat element of this class. However, no terminal inverted repeats could be identified suggesting that the element is either truncated or nonautonomous. Furthermore, comparative sequence analysis of the 8.6-kb fragment with the VRN1 gene from T. monococcum, H. vulgare, and polyploid wheat Yan et al. 2003; Fu et al. 2005) showed that the insertion has no homology to the VRN1 gene from these species.
Comparative analysis of DNA sequences from different species is a powerful approach for identifying coding and functional non-coding sequences, because functional sequences tend to evolve at a slower rate than non-functional sequences. A Percent Identity Plot (PIP) of VRN1 spring and winter alleles of L. perenne, T. aestivum, T. turgidum, T. monococcum, H. vulgare, Ae. tauschii, and AP1 from O. sativa was created using MultiPIPMaker (Schwartz et al. 2000) and used for comparative sequence analysis of coding sequences and to identify conserved non-coding sequences between spring and winter alleles.
The first exon appears to be the most conserved part of the coding sequence with an identity of 93%, while the remaining exons are less conserved with an identity between 75 and 90% ( Supplementary Fig. 1 ). The 5 0 region of the first intron of the VRN1 gene in L. perenne shows homology to the corresponding regions from the other species included in this study, while the 3 0 region of the first intron shows no significant homology. A 2.8-kb region within the 5 0 region of the first intron of the VRN1 gene in cereals has previously been defined as the ''critical region'' containing putative regulatory elements for the vernalization response, and deletions within this region have been associated with spring growth habit (Fu et al. 2005) ; however, the 8.6-kb indel region in L. perenne does not overlap with the ''critical region'' discriminating winter and spring types in the cereals identified by Fu et al. (2005) . Comparative sequence analysis of L. perenne, O. sativa (GenBank: NP_001051299), and T. monococcum (GenBank: AY188331) sequences revealed furthermore that the Lp_74D14_2 gene located on the complementary strand close to the 3 0 end of the VRN1 gene in L. perenne and O. sativa is absent in T. monococcum. In H. vulgare, sequence information for this genomic region is not available so far. The gene is expressed in both O. sativa and L. perenne as supported by an EST from L. perenne (in-house EST database) and O. sativa (GenBank: NP_001051299). No additional sequences with significant homology to this gene were identified in GenBank.
Expression analysis of the VRN1 gene during vernalization
In a previous study it has been shown that the Veyo-GP and the Falster-GP genotypes are homozygous for their respective VRN1 alleles (Jensen et al. 2005) , which makes it possible to perform allele-specific expression analysis of the VRN1 gene in the two genotypes. Transcript levels of the VRN1 gene during vernalization were studied by qPCR in the Veyo-GP and Falster-GP genotypes before and during vernalization using primers designed to the first exon.
To check for potential contamination, mis-priming, and primer-dimer artefacts a quality control was performed by melting curve analysis to validate that all samples had a similar melting temperature (data not shown). The Actin gene was used as a reference gene for the qPCR analysis as it previously has been shown to be a suitable reference gene for qPCR analysis in L. perenne (Andersen et al. 2006 ). In the Veyo-GP genotype, the VRN1 gene is induced 35-, 91-, and 76-fold after 2, 4, and 6 weeks of vernalization, respectively. In contrast, the VRN1 gene in the Falster-GP genotype is only induced 3-, 9-, and 11-fold after 2, 4, and 6 weeks of vernalization, respectively (Fig. 3) . Thus, the transcription of the VRN1 gene is induced to higher levels in Veyo-GP genotype plants as compared with Falster-GP genotype plants. In the nonvernalized Falster-GP controls, transcription of the VRN1 gene is completely repressed, whereas it is induced at a low level in the Veyo-GP genotype (data not shown).
Divergent selection for vernalization response
A total of 32 genotypes from each of the C? and Cpopulations alongside the founding genotypes were tested for the presence or absence of the Veyo-GP and Falster-GP VRN1 alleles. Of the founder genotypes only LTS03 (Veyo-GP) showed a product with the Vrn1_Veyo primers, whereas the other four genotypes only showed a product with the VRN1_Falster primers. A significant difference (X 2 ; p \ 0.05) in accumulation of the Veyo-GP and Falster-GP alleles was found between the C? and C-populations. In the C2? population, one genotype amplified a product with both primers and 28 genotypes amplified with only the VRN1_Falster primers. In the C2-population, 29 genotypes amplified a product with the VRN1_Veyo primers, and 20 genotypes amplified with the VRN1_Falster primers (Table 5 ). This clearly demonstrates that selection for no vernalization requirement resulted in the accumulation of plants with at least one Veyo-GP allele lacking the 8.6-kb insertion, whereas selection for high vernalization requirement has resulted in accumulation of plants homozygous for the Falster-GP allele.
Germplasm evaluation for Veyo-GP and Falster-GP VRN1 alleles The VRN1_Veyo and VRN1_Falster primers were used to genotype the indel in 380 genotypes representing a wide range of L. perenne germplasm from commercial varieties and breeding material. Seven genotypes, three homozygous and four heterozygous, carried the Veyo-GP allele lacking the insertion in the first intron of VRN1 (Supplementary Table 1 ). All seven genotypes originated from the cultivar Matrix, which is a very early heading cultivar bred in New Zealand. The VRN1_Falster primers amplified the expected product in 312 out of 380 genotypes and 65 genotypes failed to amplify a product with either primer set. 
Discussion
An orthologue of the VRN1 gene has been identified and mapped to a major QTL on LG 4 for the vernalization response in L. perenne, explaining 28% of the phenotypic variation. The QTL was mapped in an F 2 population, 'VrnA', derived from a cross between a single genotype from the variety Veyo with a low vernalization requirement, and a single genotype from the ecotype Falster, with a high vernalization requirement. In the VrnA population, the VRN1 allele from the Veyo-GP genotype co-segregates with a QTL allele for low vernalization requirement, while the VRN1 allele from the Falster-GP genotype co-segregates with a QTL allele for a high vernalization requirement (Jensen et al. 2005) .
To identify the polymorphisms at the VRN1 locus responsible for the contrasting vernalization requirement, we identified and sequenced two allelic BAC clones of the VRN1 locus from the two grandparent genotypes. We were able to identify a 8.6-kb deletion in the first intron of the VRN1 gene in the allele from the genotype Veyo-GP which has a low vernalization requirement. This deletion was in a recurrent selection experiment associated with genotypes with a low vernalization response.
Sequence analysis of the 8.6-kb region identified a putative transposon protein with homology to Class II CACTA DNA transposons of the En/Spm sub-class (Pereira et al. 1986 ). Class II elements move via a DNA intermediate, where the elements are excised from the genome and integrated elsewhere. Excision and reintegration requires an enzyme known as transposase. The terminal regions of all CACTA elements show a similar sequence organization. They are flanked by short terminal inverted repeats that terminate in the CACTA motif, which serves as a recognition site for the transposase protein (Lewin 1997) . In most cases, sequence conservation between different families is limited to this short motif, which makes it almost impossible to identify new elements based on the TIR of known elements. In addition, CACTA elements contain sub-terminal repeats of 10-to 20-bp units that are repeated in direct and inverted orientation (Lewin 1997) . Thus, CACTA transposons are difficult to identify and new elements are usually only found because of the presence of a transposase-like protein. In the 8.6-kb region a transposase-like protein was identified, but no terminal inverted repeats were identified, suggesting that the element might be truncated. Another explanation might be that the element is a nonautonomous CACTA element, with no functional transposase gene, and thus depends on trans-acting factors encoded by independent autonomous copies present in the same genome for the transposition (Gierl et al. 1989; Bennetzen 2000) .
Both alleles of the VRN1 gene were independently mapped in the VrnA mapping population and found to colocalize with the major QTL for the vernalization response on LG 4 (data not shown). Furthermore, in a small selection experiment an accumulation of plants homozygous for the Falster-GP allele was observed in plants selected for a high vernalization requirement, while the Veyo-GP allele accumulated in plants selected for a no vernalization requirement.
Although there were a number of polymorphisms present between both alleles, the greatest difference was due to the occurrence of the large indel in the first intron. Previous studies in cereals have already implicated regions of the first intron of VRN1 in the control of vernalization. We therefore hypothesise that the indel in the first intron of VRN1 may be responsible for the contrasting vernalization requirements of these two L. perenne genotypes. In polyploid wheat species and H. vulgare, a 2.8-kb region within the first intron of the VRN1 gene was identified as a ''critical region'' for winter growth habit, and deletions within this region are associated with spring growth habit, suggesting that this region might contain intronic regulatory elements for the vernalization response Fu et al. 2005) . While the results reported here support the presence of regulatory regions within the first intron across grasses, the 8.6-kb indel region in L. perenne does not overlap with the region discriminating winter and spring types in the cereals. Furthermore, it seems that the Veyo-GP allele (deletion allele) is rare in L. perenne germplasm, while in contrast the Falster-GP allele (insertion allele) is widespread. Thus, given the low frequency of the Veyo-GP allele in the L. perenne germplasm it is most likely that a deletion has occurred in the Veyo-GP. While this does not exclude common regulatory mechanisms, it might suggest that genetic regulation of the vernalization response has diverged between cereals and perennial grasses.
In cereals, proteins encoded by VRN1 and VRN3 promote flowering and the early flowering (spring type) allele is dominant for both genes, whereas the protein encoded by VRN2 represses flowering and the late-flowering (winter type) allele is dominant. Thus, only recessive VRN1 and VRN3 alleles and at least one dominant VRN2 allele should be present in an individual to confer effective winter types, while all other allelic combinations would result in spring types. The observation that the VRN1 Veyo-GP allele conferring no vernalization requirement is the dominant allele is thus in agreement with the results from cereals. However, comprehensive allele sequencing will be required to validate this hypothesis for the VRN2 and VRN3 genes in L. perenne.
The two L. perenne BAC sequences presented in this work provide the first large sequenced genomic regions from L. perenne and, thus, give a first insight into the genomic organization and genome composition of L. perenne. The repeat content of the Veyo-GP and the Falster-GP BAC sequences was 42 and 58%, respectively. However, the true repeat content can only be estimated more accurately when more genomic L. perenne sequence data become available. The predominant repeat elements at the VRN1 locus in L. perenne are Class I LTR retrotransposons with similarity to the Athila-like LTR retrotransposon Sabrina from H. vulgare (Shirasu et al. 2000) , while Class II repeat elements constitute only approximately 2.5% of the repetitive elements.
The average gene density observed in the two L. perenne BAC sequences is one gene per 44 kb. This value is similar to observations made for 100 random BAC sequences from Z. mays, where an average gene density of one gene per 43 kb has been observed (Haberer et al. 2005) . However, increasing evidence shows the presence of gene-rich regions and a wide variation of gene densities in cereal genomes (Keller and Feuillet 2000) . For example, for Z. mays an 18-fold variation in gene density ranging from 0.5 genes per 100 kb up to 10.7 genes per 100 kb has been observed (Haberer et al. 2005 ). More recently, for gene-rich Z. mays contiguous regions in the size of several megabases a gene density of one gene per 27-33 kb has been reported (Bruggmann et al. 2006) .
Since the genome sizes of Z. mays (2,671 Mb) and L. perenne (2,034 Mb) are within the same range, it can be speculated that the gene density in L. perenne is similar to the gene density in maize (Bennett and Smith 1976; Evans et al. 1972) . The observed genome density of one gene per 44 kb at the VRN1 locus of L. perenne is, therefore, in agreement with the expected gene density. However, more genomic sequence of L. perenne is needed for a more accurate estimate of the average gene density.
The gene order and orientation at the VRN1 locus in the L. perenne genotype Veyo-GP showed micro-colinearity to the corresponding region on chromosome 3 in O. sativa, where both genes identified in the Veyo-GP BAC sequence had the same order and orientation. In the corresponding region from T. monococcum chromosome 5, the microcolinearity was less conserved, because the Lp_74D14_2 gene with unknown function, present in both L. perenne and O. sativa, was not identified.
In general, L. perenne exhibits a large genotypic variation in vernalization requirement (Aamlid et al. 2000; Skøt et al. 2005) , where the Veyo-GP and Falster-GP genotypes are among the extremes. The fact that the Veyo-GP allele is rare in the germplasm suggests that VRN1 polymorphisms, e.g., in the promoter or first intron, other than the indel reported here contribute to finer scale variation in the vernalization response in L. perenne.
